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ABSTRACT 
In a previous work from Ansmann et al., 1992, Appl. 
Opt., 31(33), p. 7123, a range-independent lidar ratio 
estimation method was qualitatively proposed by 
iteratively solving the lidar equation in forward and 
backward form in a cloud layer.  The method provides 
independent aerosol extinction and backscatter using a 
simple backscatter lidar. Here, the method is 
analytically re-formulated in terms of an objective 
function (whose root is the sought-after lidar ratio) 
ready to be solved by conventional numerical 
techniques. A 532-nm case example is discussed. 
1. INTRODUCTION 
Backscatter lidars are simple and relatively inexpensive 
systems allowing trustworthy retrieval of the aerosol 
backscatter atmospheric profile at the sounding 
wavelength. The two-component elastic lidar inversion 
algorithm (also known as Fernald’s [1] or Klett-
Fernald-Sasano’s algorithm [2], KFS for short in what 
follows) enables to invert the aerosol atmospheric 
optical backscatter from elastic lidar data given a point 
backscatter calibration at a reference range and 
provision of a lidar ratio (i.e., an aerosol extinction-to-
backscatter ratio) [3][4]. The lidar ratio is usually 
assumed to be range-independent for either 1) the 
aerosols are assumed to have range-invariant 
microphysical properties (size distribution and 
composition) in the range of interest or 2) no “a priori” 
aerosol information is available. Retrieval of the aerosol 
extinction profile is untrustworthy for it must be 
estimated by multiplying the inverted aerosol 
backscatter with the assumed lidar ratio, which in turn 
has been used to derive the backscatter in the KFS 
algorithm. As a consequence, the final aerosol 
extinction relative error can be very high (typically a 
factor 5 higher excluding noise and overlap correction 
uncertainties) [5]. 
There is a way out, however, if a range-independent 
lidar ratio can be determined in a turbid layer (be it a 
cloud or an aerosol layer aloft) where usually stationary 
microphysical conditions in both space and time 
prevail. In 1992, Ansmann et al. [6] proposed 
calibrating above and below the layer and to solve the 
lidar equation by forward and backward integration 
with different trial range-independent lidar ratios until 
the solution converges. The applicability of the method 
is re-encountered today in calibration/validation of 
satellite-borne elastic lidars (such as the CALIOP 
backscatter lidar onboard CALIPSO satellite) by means 
of ground-based backscatter lidars [7][8]. 
Sect. 2 formulates the proposed method in terms of an 
objective function to be solved by a simple bisection 
method. A case example is discussed in Sect. 3, and 
conclusion remarks are given in Sec.4. 
2. LIDAR-RATIO ESTIMATION 
2.1. KFS two-component lidar algorithm 
Following [2], the aerosol backscatter backward 
solution of the lidar equation is 
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where subscripts “aer” and “mol” stand for “aerosol” 
and “molecular”, respectively,  RP  is the elastic 
return power, aerS  is the aerosol lidar ratio, 
38molS  is the Rayleigh’s molecular ratio, R  is the 
range and cR  is the calibration range (usually in a 
aerosol free layer so that    cmolcaer RR   ). The 
forward solution form integrates from cR  to R  and 
includes a pertinent minus sign in front of the integrals. 
Notation  RRS caeraer ,,  is a reminder that the inverted 
aerosol backscatter depends on the user-selected 
calibration point and the chosen lidar ratio.  
Assuming a range-independent unknown lidar ratio, x , 
in what follows, it is convenient to re-formulate Eq.(1) 
in vector form as 
    ccaeraer RxRRS ,,,    (2) 
2.2. Formulation of the estimation method 
Ansmann’s method [6] (p. 7123) is based on the 
opposite convergence tendencies of the KFS-inverted 
aerosol backscatter (Eq.(1)) when calibrating below or 
above a turbid layer (forward/backward integration, 
respectively). From Fig. 1 the method can be 
formulated analytically as 
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where “D_cal” and “U_cal” means “Down” and  “Up” 
calibration (i.e., below and above the turbid layer. 1S  
and 2S  define the user-input lidar-ratio search interval, 
aerS  is the “true” atmospheric lidar ratio (unknown). 
Defining aerSx  , Eq(3) can be written in terms of the 
objective function (Fig.  2) 
    xxxf calDaercalUaer __)(    , (4) 
where the notation  xcalUDaer _/  stands for 
    calUDcaercalUDaer Rxx _/_/ ,   , (5) 
and calUDcR
_/  is a reminder of “down/up” calibration 
ranges, calDcR
_  and calUcR
_ , respectively. 
The root of Eq.(4) objective function is the sought-after 
lidar ratio, aerSx  . This root can be computed just 
from the sign of the function by using a simple 
bisection-method root solver given 1) an initial search 
interval  21 , SS  and 2) a lidar-ratio error termination 
criterion,   [sr]. Besides, the well-known singularities 
occurring for too-high lidar ratios in KFS forward 
integration (case of srSaer 70ˆ   in Fig. 1) are perfectly 
supported by Eq.(4) if plus and minus “infinity” norms 
are propagated in the computational procedure 
calculating the sign of  xf . In Fig.  2 block diagram, 
 ,..., __,0 calUcalUavgN   describe auxiliary parameters -this 
paper is not concerned with- for the KFS_F/B 
(forward/backward) algorithm variant implemented by 
the RSLAB such as the number of “averaged” return 
power samples at the calibration range and error 
tolerance to smooth out observation noise [9]. 
3. CASE EXAMPLE 
Fig.  3 and Fig.  4 illustrate a 532-nm wavelength case 
example from 12MAR2009, between 1822UTC and 
1851UTC at Barcelona lidar station (41.39ºN 2.11ºE). 
A 532/607/1064 nm elastic/Raman lidar based on 350-
mJ energy, 20-Hz, Nd:YAG source was used, though 
here only 532-nm data is input to the algorithm. 
Fig.  3a quick-look shows an ice cloud layer in the 9-13 
km height range, which is used to down/up calibrate at 
7.66 and 13.79 km AGL (above ground level), 
respectively. Since these altitudes are purely molecular, 
an aerosol backscatter calibration of   11_/ 0  srkmR calUDcaer  is used. Tab. 1 summarises 
the input parameters to the lidar-ratio solving algorithm, 
which is formed by the objective-function kernel 
calculus of Fig.  2 (Eq.(4)) and a simple bisection 
method running on Matlab7. 
Given a lidar-ratio initial search interval of (5, 100) sr 
and an error termination criterion of 1 sr the algorithm 
converges in 7 iterations to the final lidar ratio estimate, 
srSaer 7.02.10ˆ  . This value is representative of ice 
clouds at such altitudes and it perfectly fits in the 
typical lidar-ratio range of 2114 sr given by Tatarov et 
al. [10] for such clouds. Mona et al. [11] also found 
similar values in the range 10-12 km using the Raman 
lidar technique. 
Finally, Fig.  4 and Tab. 2 reproduce the automatic 
iterative procedure in four different iterations. 
4. CONCLUSIONS 
The two-point elastic calibration method of Ansmann et 
al. has been formulated in Eqs.(3)-(5) and computer- 
implemented using Fig. 1 flux-diagram and a simple 
bisection method as root solver. An ice-cloud case 
example has served to validate the proposed approach. 
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DESCRIPTION PARAMETER VALUE 
Calibration heights 
(down/up, 
respectively) AGL 
calD
cR
_ , calUcR
_  7.66, 13.79 km 
Aerosol backscatter 
calibration  calUDcaer R _/  0 km-1sr-1 
Noise averaging at the 
down/up calibration[9] 
calUavgN _,0 ,
calDavgN _,0 17, 51 cells 
Lidar-ratio initial 
search interval  maxmin , aeraer SS  (5, 100) sr 
Lidar-ratio error goal   1 sr  
 
LIDAR RATIO 
ESTIMATION Iteration 
no. 
aerSˆ  i  
1 52.5 sr 47.5 sr 
3 16.9 sr 11.9 sr 
5 8.0 sr 3.0 sr 
7 (final) 10.2 sr 0.7 sr 
Tab. 1 CALIPSO case example. Main input parameters to the 
algorithm. 
Tab. 2 Estimated lidar ratio and errorbar as a 
function of the iteration no. (error goal, sr1 ). 
 
Fig. 1 Tendency of the aerosol backscatter KFS-inverted profiles as function of the chosen lidar ratio and forward/backward
integration. (Dashed black rectangular profile) Simulated aerosol backscatter with a lidar ratio, srSaer 3.33 . The labels indicate 
the inverted backscatter solutions for a user-input lidar ratio of srS 101   (dashed-grey and solid-grey curves) and srS 772 
(dashed-black and solid-black curves) by calibrating below the layer ( kmRc 5.4 , i.e., forward integration, dashed-grey and 
dashed-black curves) and above ( kmRc 5.6 , i.e., backward integration, solid-grey and solid-black curves). Arrows indicate the 
moving tendency of the curves as the inversions are repeated for lidar ratios closer and closer to true one, srSaer 3.33 . 
Fig.  2 Objective function of the two-point calibration lidar-ratio algorithm (see Tab. 1 for parameter details). 
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Fig.  3 Case example. (a) Range-corrected time-series at 532-nm wavelength. The PBL extends up to 2 km 
and a cloud layer is present between 9-13 km in height. (b) 30-min averaged range-corrected lidar profile. 
“Up” and “down” calibrations, i.e., above and below the cloud are indicated with red crosses at 7.66 and 
13.79 km AGL, respectively. Horizontal red lines indicate the noise-smoothing intervals [9] around the 
calibration points. (c) KFS-inverted aerosol backscatter (solid blue) using the estimated lidar ratio, 
srSaer 2.10ˆ  , along with its associated errorbars (magenta) and indication of the Rayleigh level (green). 
(d) Same for the aerosol extinction profile. 
 
 
Fig.  4 CALIPSO case example: Aerosol backscatter and lidar-ratio iterative solutions (KFS). (a) Iteration 
no. 1. Same as Fig. 1. Dashed/solid trace indicates forward/backward integration, respectively. Light/dark 
blue corresponds to a lidar ratio of 5 and 100 sr, respectively (i.e., the initial search interval, see Tab. 1). 
Cross-examine with Fig. 1. (b), (c) and (d) Solutions for iteration nos. 3 ( srSaer 9.16 ), 5 
( srSaer 0.8 ), and 7 ( srSaer 2.10 , final). Forward/backward integration in dashed/solid trace. 
 
25th International Laser Radar Conference
62
